Individuals with sensorineural hearing loss often report frustration with speech being loud but not clear, especially in background noise. Despite advanced digital technology, hearing aid users may resort to removing their hearing aids in noisy environments due to the perception of excessive loudness. In an animal model, sensorineural hearing loss results in greater auditory nerve coding of the stimulus envelope, leading to a relative deficit of stimulus fine structure. Based on the hypothesis that brainstem encoding of the temporal envelope is greater in humans with sensorineural hearing loss, speech-evoked brainstem responses were recorded in normal hearing and hearing impaired age-matched groups of older adults. In the hearing impaired group, there was a disruption in the balance of envelope-to-fine structure representation compared to that of the normal hearing group. This imbalance may underlie the difficulty experienced by individuals with sensorineural hearing loss when trying to understand speech in background noise. This finding advances the understanding of the effects of sensorineural hearing loss on central auditory processing of speech in humans. Moreover, this finding has clinical potential for developing new amplification or implantation technologies, and in developing new training regimens to address this relative deficit of fine structure representation.
I. INTRODUCTION
Individuals with sensorineural hearing loss (SNHL) often report that increases in speech intensity do not improve speech intelligibility, especially in background noise, suggesting that the nature of the communication problem extends beyond reduced audibility. A number of mechanisms may be responsible for the perception of loudness without clarity that accompanies SNHL. Most cases of SNHL involve the loss of cochlear outer hair cells, also known as the cochlear amplifier (Dallos et al., 2006) , that regulate the amplification of transmitted sounds via afferent and efferent connections (Lopez-Poveda et al., 2005) . The loss of outer hair cells results in a change from nonlinear compression, as is found in functioning outer hair cells (Robles et al., 1986) , to linear processing, resulting in steeper growth of loudness (J€ urgens et al., 2011) .
The consequences of SNHL are not solely peripheral, however; deprivation of auditory input may lead to tonotopic remapping of the inferior colliculus (Willott, 1991) and other changes in central auditory processing (Aizawa and Eggermont, 2006) , including a disruption in the gain mechanism in the auditory cortex (Morita et al., 2003; Wienbruch et al., 2006) and decreased auditory acoustic reflex thresholds (Munro and Blount, 2009 ). This disruption may arise from alterations in the balance of excitatory and inhibitory neurotransmitters in the auditory brainstem (Dong et al., 2010) and cortex (Kotak et al., 2005) , as demonstrated by induced SNHL in animal models and subsequent global increases in neural firing. In everyday situations, the proposed effects of these disruptions is that individuals with SNHL perceive loud sounds as loud as-or even louder than-someone with normal hearing (NH) (Moore et al., 1996) . It is suggested that this effect is especially salient when the target speech stream is masked by background noise.
While there are evident effects of hearing loss throughout central auditory pathways, as demonstrated in animal models, SNHL may selectively affect the encoding of different elements of speech. Two acoustic aspects of the signal, the temporal envelope and temporal fine structure (TFS), are pertinent for addressing the communication needs of individuals with SNHL. The envelope arises from the relatively slow fluctuations in the overall amplitude of the signal and contributes to the sensation of loudness (Rennies et al., 2010) . The TFS refers to the relatively faster fluctuations of sound pressure that "carry" the envelope and contain the signal's spectral structure; TFS cues convey the timbre or quality of a signal (Moore, 2008) .
The advent of cochlear implants (CIs), which at present deliver the envelope of the stimulus but not the TFS (Rubinstein, 2004) , has provided a new understanding of the difficulties encountered by listeners with SNHL. In quiet, speech understanding can be achieved with as little as four channels of envelope coding, but CI users continue to have impaired music and speech-in-noise perception, presumably because CIs do not provide TFS cues (Strelcyk and Dau, 2009; Hopkins and Moore, 2011; Papakonstantinou et al., 2011; Limb and Rubinstein, 2012) . TFS cues are not sufficient, however; in fact, they contribute to perception of speech in noise only in the presence of the envelope (Swaminathan and Heinz, 2012) . To achieve acceptable speech intelligibility in a variety of contexts, then, listeners must be able to process both aspects of speech signals.
Individuals with mild-to-moderate degrees of SNHL (i.e., who would not be candidates for implantation) also have difficulty hearing in noise (Divenyi and Haupt, 1997) . Perceptual experiments have confirmed that individuals with SNHL do not have deficits in envelope encoding; in fact, in some cases they may have enhanced envelope encoding as demonstrated by better than normal amplitude modulation detection thresholds (F€ ullgrabe et al., 2003) or gap detection thresholds (Horwitz et al., 2011) . Mixed results, however, have been obtained in experiments that have evaluated processing of TFS in individuals with normal hearing and SNHL. There is evidence of TFS encoding deficits in younger adults with SNHL who have been matched for age with normal hearing counterparts (Ardoint et al., 2010) . Age-related reductions in TFS have been found in perceptual (Grose and Mamo, 2010) and neurophysiological studies . It is therefore important to study the processing of speech cues in individuals with SNHL compared to agematched, normal hearing controls.
The relative strength of encoding of envelope and TFS cues has been tested neurophysiologically. Chinchillas with noise-induced SNHL have abnormally enhanced coding of the stimulus envelope in auditory nerve fibers but the ability to encode TFS is unaffected when stimuli are presented in quiet (Kale and Heinz, 2010) . A follow-up study revealed that the hearing-impaired chinchilla's ability to encode TFS is degraded substantially more in noise backgrounds than in quiet (Henry and Heinz, 2012) . Because of this deficit, the salience of TFS cues may be reduced by excessive encoding of the ENV, reducing the listener's ability to make use of the TFS cues that are important for hearing in noise.
To increase understanding of the communication difficulties encountered by the hearing impaired listener, here the effects of hearing loss were investigated in the human brainstem using far-field electrophysiological techniques. The brainstem's frequency following response (FFR) was chosen because by eliciting the response to speech sounds presented in alternating polarities, the representation of the envelope and TFS can be assessed independently (Aiken and Picton, 2008; Campbell et al., 2012) . Furthermore, animal models of SNHL have found alterations in the balance of excitatory and inhibitory neurotransmitters in the inferior colliculus (Vale and Sanes, 2002) , a putative primary generator of the FFR (Chandrasekaran and Kraus, 2010) . The FFR therefore provides an ideal model to understand the converging peripheral and central effects of SNHL.
Aging affects the representation of both the speech envelope and TFS in normal hearing listeners ; therefore, the normal-hearing (NH) and hearingimpaired (HI) participants were matched on age. Based on animal models of neurophysiologic encoding and human perceptual experiments, it is hypothesized that individuals with SNHL have excessive encoding of the envelope in the FFR of the brainstem compared to that of individuals with normal hearing. To test this hypothesis group differences were assessed in the subcortical representation of a 40 ms [da] syllable, elicited in two conditions. In the first stimulus condition, responses were recorded to an unamplified stimulus in both the NH and the HI groups; in the second stimulus condition the same unamplified NH responses were compared to those of a customized, amplified stimulus in the HI group, in an effort to equate for audibility in cases of hearing loss.
II. METHODS

A. Participants
Thirty adult participants were recruited from the Chicago area; 15 with normal hearing [ages 61 to 68 years, mean 64.07, standard deviation (SD) 2.09] and 15 with hearing loss (60 to 71, mean 64.07, SD 3.39). Participants in the normal hearing (NH) group had clinically normal hearing, defined as: air conduction thresholds 20 dB hearing level (HL) from 125-4000 Hz bilaterally, 40 dB HL at 6000 and 8000 Hz, and pure-tone averages (PTA; average from 500-4000 Hz) 15 dB HL. Participants in the hearing impaired (HI) group had hearing levels ranging from mildto-moderate hearing loss, defined as thresholds from 125 to 2000 Hz < 40 dB HL and from 3000 to 8000 Hz < 70 dB HL and PTA ! 30 dB HL and < 45 dB HL. All subjects had normal click-evoked auditory brainstem response (ABR) latencies (wave V < 6.8 ms), measured by a 100-ls click stimulus presented at 80 dB SPL (peak equivalent) at a rate of 31.4 Hz. In addition, there was no evidence of a conductive hearing loss (no air-bone gaps ! 10 dB HL at two or more frequencies) or inter-aural asymmetry (defined as ! 15 dB HL audiometric difference at two or more frequencies or an inter-aural click-ABR difference > 0.2 ms). No participant had ever worn hearing aids or reported a history of neurologic conditions. See Fig. 1 for average group hearing thresholds and representative click-ABRs.
The groups were sex-matched [v 2 (chi square): p > 0.1]-the NH and HI groups included five and seven males, respectively. Participants had normal intelligence quotient (IQ) scores (> 85 on the Wechsler Abbreviated Scale of Intelligence, Psychological Corp, San Antonio, TX) and were matched for IQ. See Table I for means and SDs of group characteristics. All procedures were approved by the Institutional Review Board of Northwestern University. Participants provided informed consent and were compensated for their time.
B. Electrophysiology
Stimulus
The stimulus was a 40-ms [da] syllable synthesized in a Klatt-based synthesizer (Klatt, 1980) . The stimulus began with an onset burst that was followed by the consonant-tovowel (CV) transition. Although the stimulus does not include the steady-state vowel, it is perceived as a CV syllable. The
[da] syllable was chosen because the perception of stop consonants can be challenging for both young and old listeners (Miller and Nicely, 1955) , providing a more ecologically valid stimulus than the clicks or tonebursts that are typically used in ABR assessments. The [da] stimulus elicits a robust FFR across the lifespan, and its brainstem encoding reflects suprathreshold central auditory processing and its behavioral correlates . After an initial 5-ms onset burst, the fundamental frequency (F 0 ) of the stimulus rose linearly from 103 to 125 Hz while the formants shifted as follows: F 1 : 220! 720 Hz; F 2 : 1700! 1240 Hz; F 3 : 2580 ! 2500 Hz. The fourth (3600 Hz) and fifth (4500 Hz) formants remained constant for the duration of the stimulus. A spectrogram and Fourier transform of the stimulus waveform are presented in Figs. 2(A) and 2(B), respectively.
The [da] stimulus was presented binaurally via the Biologic Navigator Pro System (Natus Medical, Inc., Mundelein, IL) at a rate of 10.9 Hz (inter-stimulus interval of 52 ms) through electromagnetically shielded insert earphones (ER-3A, Etymotic Research, Elk Grove Village, IL) at 80.3 dB sound pressure level (SPL) in quiet and noise conditions. Prior to each recording, the click and [da] stimuli were calibrated to 80 dB SPL using a Br€ uel and Kjaer 2238 Mediator sound level meter coupled to an insert earphone adaptor. The SPL for each stimulus was sampled over 60 s to obtain the average SPL. In quiet, only the [da] was presented; in noise, a background of pink noise was also played at þ10 dB signal-to-noise ratio (SNR). During the recording session, the participants watched muted movies of their choice with subtitles to facilitate an awake but quiet state.
The [da] stimulus was presented in alternating polarities, allowing for the creation of responses consisting of both the sum and the difference of the two presentation polarities (Campbell et al., 2012) . With the summed responses, the noninverting envelope component of the response is enhanced while the inverting TFS component is minimized. On the other hand, with the subtracted responses, the inverting TFS component is enhanced while the envelope component is substantially reduced (Aiken and Picton, 2008) . Because 3000 repetitions were averaged, it was expected that the effects of random pink noise would be equivalent for added and subtracted polarities. 
Amplification in cases of SNHL
To equate for effects of peripheral hearing loss, the [da] stimulus was modified for individuals in the HI group using the National Acoustics Laboratory-Revised algorithm (NAL-R) (Byrne and Dillon, 1986) , with a custom program in MATLAB (The MathWorks, Inc., Natick, MA) based on individual hearing thresholds. The amplified presentation intensities did not exceed 90 dB SPL or any individual's loudness discomfort levels. For participants with hearing loss, both the amplified and the unamplified [da] stimuli were presented in quiet and noise for a total of four stimulus conditions (as opposed to the NH group, who were only presented with two stimulus conditions). The order of presentation conditions was held constant to minimize order effects (i.e., fatigue) on group differences. In the NH group the quiet condition was followed by the noise condition. In the HI group, the order was as follows: (1) unamplified stimulus presented in quiet, (2) amplified stimulus presented in quiet, (3) unamplified stimulus presented in noise, and (4) amplified stimulus presented in noise.
Recording
A vertical montage of four Ag-AgCl electrodes (Cz active, Fpz ground, earlobe references) was used with all contact impedances <5 kX. Responses were recorded using the Bio-logic Navigator Pro System. A criterion of 623 lV was used for online artifact rejection. Two blocks of 3000 artifact-free sweeps were collected in each condition for each participant and averaged using an 85.3-ms window, including a 15.8-ms prestimulus period. The responses were sampled at 12 kHz and were online bandpass filtered from 100 to 2000 Hz (Butterworth filter, 12 dB/octave, zero phaseshift) to minimize disruption by the low-frequency cortical response and to sample energy up to the phase-locking limits of the brainstem (Chandrasekaran and Kraus, 2010) . 
Data analysis
a. Spectral amplitudes. To obtain an index of frequency-specific phase-locked activity in the evoked response, spectral amplitudes were computed using fast Fourier transforms (FFTs) on the envelope (added, indicated henceforth as ADD) and TFS (subtracted, indicated henceforth as SUB) responses. Zero padding was applied prior to the transform to increase the resolution of the spectral display to 1 Hz/point, and the FFTs were run with a Hanning window and a 4 ms ramp. FFTs were run on a time window of 20-42 ms (60-Hz bins), the time range that encompasses the FFR in older adults based on visual inspection of the periodic components of the brainstem response waveform. The temporal envelope was calculated by determining the amplitude of the envelope-dominated low frequencies-the fundamental frequency (F 0-ADD ) and second (H 2-ADD ) and third (H 3-ADD ) harmonics (three values), where ADD indicates FFT amplitudes from the FFR to added polarities; the TFS was calculated by determining the amplitude of the TFS-dominated harmonics of the first formant, fourth (H 4-SUB ), fifth (H 5-SUB ), and sixth (H 6-SUB ) harmonic (three values), where SUB indicates FFT amplitudes from the FFR to subtracted polarities.
A measure of relative envelope and TFS representation was computed for a given harmonic, X, as follows:
where H X refers to the FFT amplitude of each harmonic from F 0 to H 6 , ADD refers to spectral amplitudes of responses to added inverting polarities (emphasizing envelope), and SUB refers to amplitudes when polarities are subtracted (emphasizing TFS). For example, the difference in amplitude between H 3 in the envelope-vs TFS-following responses would be computed as DH 3 ¼ H 3-ADD À H 3-SUB .
b. Statistical analyses. All statistical analyses were conducted in SPSS, version 18.0 (SPSS, Inc., Chicago, IL). Multivariate analysis of variance (MANOVA) was used to compare the amplitudes of envelope (F 0-ADD -H 3-ADD ) and TFS components (H 4-SUB -H 6-SUB ) of the [da] syllable between the NH and HI groups. A MANOVA was also used to the compare the DH X across the frequency range of F 0 -H 6 . These analyses were completed for two stimulus conditions. In condition 1, both groups received unamplified stimuli at 80.3 dB SPL. In condition 2, the HI group received an amplified stimulus tailored to their hearing profile (see below). Normal distribution and homogeneity of variance was verified by the Shapiro-Wilk and Levene's test, respectively. Bonferroni corrections for multiple comparisons were applied as needed, and all p values reflect two-tailed tests.
III. RESULTS
A. Summary of results
In stimulus condition 1, the unamplified [da] stimulus was presented to both the NH and HI groups. In stimulus condition 2, the unamplified [da] stimulus was presented to the NH group but individually amplified [da] stimuli were presented to participants in the HI group. Overall results indicated that individuals with hearing loss have an imbalance in the representation of the envelope and TFS components of speech compared to individuals with normal hearing [see Table II for the amplitudes of the F 0 and its harmonics in the brainstem FFR to the envelope and TFS of the [da] and Table III for differences in amplitude (DH X )]. This finding is present when the speech syllable is presented in quiet at a moderately loud level (80 dB SPL) or at a fixed þ 10 SNR. In individuals with hearing loss, the representation of the envelope was disproportionately high relative to TFS representation based on envelope-to-TFS differences in amplitude. This resulted in an effective "relative deficit" in TFS representation.
B. Stimulus condition 1-Unamplified [da] stimulus
(1) Envelope. In the HI group, the amplitude of the envelope (F 0-ADD -H 3-ADD ) was larger than in the NH group in response to the [da] Fig. 3(J) ].
IV. DISCUSSION
Far-field electrophysiology was used to measure subcortical representation of speech cues in older adults with and without SNHL. These results demonstrate greater spectral representation in response to the temporal envelope in the SNHL group, with equivalent representation of the TFS between groups in response to an 80 dB [da] stimulus presented in noise at a fixed þ10 SNR. The amplitude differences between envelope and TFS representation were greater in the HI group, consistent with the suggestion of Kale and Heinz (2010) that the relative coding of TFS and envelope may be disrupted in the case of SNHL, thereby providing a possible neurophysiologic basis for the difficulties encountered by listeners with SNHL when trying to understand speech in background noise.
There are a number of potential mechanisms responsible for the boosting of envelope-following brainstem responses in individuals with hearing loss. The levels of neurotransmitters in the inferior colliculus (IC) may be disrupted, such that the usual balance of excitation and inhibition is altered with a net increase in volume. While this hypothesis cannot be directly tested in humans, there is support from animal models. For example, deafness results in larger and longer excitatory post synaptic current amplitudes and durations, along with reduced inhibitory strength in IC neurons (Vale and Sanes, 2002) . The corticofugal pathway extends all the way to the outer hair cells of the inner ear, through activation of efferent fibers in the medial olivocochlear bundle, modulating the gain provided by the outer hair cells (Perrot et al., 2006) . The corticofugal pathway can affect the response properties of neurons in the IC based on experience (Gao and Suga, 2000) ; therefore, neurons in the IC may be more excitable due to a deprivation of auditory input and the resulting decrease in gain modulation by inhibitory neurotransmission. This decreased inhibition, along with increased excitability throughout the central auditory pathway, may result in a distortion of speech cue representation in the IC as indexed by the FFR.
An alternate explanation for the findings may be that the enhanced subcortical envelope encoding is the result of greater broadband activity. Individuals with hearing loss have broader tuning curve bandwidths (Florentine et al., 1980) ; therefore, greater broadband activation may result in higher spectral amplitudes. In the Kale and Heinz study, however, no one-to-one correspondence between greater bandwidths and greater envelope coding was found, suggesting that other mechanisms contribute to this phenomenon (Kale and Heinz, 2010) .
Behavioral studies have shown that TFS can be reduced with hearing loss when frequency selectivity is not impaired Strelcyk and Dau, 2009) . Reduced TFS in the presence of normal frequency selectivity in the auditory nerve has also been found in an animal model (Heinz and Swaminathan, 2009 ). In the current study, equivalent TFS representation in normal hearing and hearing impaired participants may be due to using one presentation level and   FIG. 3 . Comparison of response spectra to the 40-ms stimulus over the frequency following response (20-42 ms) for the NH (red) versus HI groups (unamplified stimulus: gray; amplified stimulus: black) in quiet and in noise. (A), (B) Response spectra to the envelope. The HI group (in response to the unamplified stimulus) has higher amplitudes in the envelopedominated low frequencies (F 0 -H 3 ) in noise. (C), (D) There are no group differences in the response to the TFS-dominated high frequencies (H 4 -H 6 ). (E), (F) In response to the envelope, the HI group (amplified stimulus) has higher amplitudes in the low frequencies (overall) in quiet and noise. (G), (H) There are no group differences in response to the TFS between the HI (amplified stimulus) and NH groups. (I), (J) Larger delta H x differences over the range of F 0 -H 6 are noted in the quiet condition for the HI group (amplified stimulus) compared to the NH group and in the noise condition for the HI group in response to both unamplified and amplified stimuli. Errors bars in (I) and (J): 1 S.E. *p < 0.05, **p < 0.01. one SNR in the background noise stimulus condition. Therefore, temporal coding may not have been sufficiently disrupted to obtain a noise-induced effect similar to that of Henry and Heinz (2012) . Furthermore, the lack of differences in TFS encoding may be a reflection of a limited or reduced range of TFS values in older adults rather than a lack of difference between individuals with normal hearing and with hearing impairment. Further parametric investigations comparing TFS encoding in age-matched young adults with and without hearing loss is warranted to address this concern. Future work should compare responses at different SNRs and presentation levels and should include a behavioral measure of frequency selectivity, such as psychophysical tuning curves, to better understand the underlying mechanisms driving the imbalance in envelope and TFS representation.
A. Amplified versus unamplified stimuli
In a previous study, the NAL-R (Byrne and Dillon, 1986) algorithm was used to partially equate for hearing loss . The same amplification procedure was used in this study and similar group differences were found for both conditions, with the HI group having greater envelope encoding and larger envelope-to-TFS ratios. Because of the pronounced differences between the NH and HI groups when testing the HI group with amplified stimuli, it was necessary to ensure that the differences were not driven by presenting higher-level (i.e., greater intensity) stimuli to the HI group. Therefore, an unamplified stimulus was used to compare responses between the NH and HI groups. Even with this unamplified stimulus, enhanced encoding of the envelope was maintained in the HI group. Taken together, the findings of enhanced encoding of the envelope to an unamplified stimulus and essentially equal response amplitudes to the TFS of both amplified and unamplified stimuli indicate that amplification was not a confounding factor in the current results.
B. Relative encoding of envelope versus temporal fine structure
Consistent with the work of Kale and Heinz (2010) , no differences were found for the absolute representation of TFS; rather, the differences between envelope and TFS representation were greater in the HI group, resulting in a relative deficit of TFS. Importantly, this deficit is demonstrated in human older adults with age-related SNHL; therefore, the findings in an animal model of noise-induced SNHL can indeed be extended to humans who have experienced a gradual loss of peripheral hearing. Given the demonstrated importance of TFS for understanding speech in noise (Gnansia et al., 2009; Hopkins and Moore, 2011; Papakonstantinou et al., 2011) , the relative deficit in TFS coding may play a critical role in the difficulties encountered by older adults with SNHL when trying to listen in noise.
The role of TFS in speech perception has been a controversial subject partly due to differences in experimental protocols. Normal hearing individuals have improved perception when listening to a signal in fluctuating background noise compared to listening to a signal in steady noise, an improvement known as masking release (F€ ullgrabe et al., 2006) . Hearing impaired individuals, however, do not experience this masking release in fluctuating noise conditions (Duquesnoy, 1983) . It has been hypothesized that a deficit in TFS representation prevents hearing impaired individuals from processing or hearing speech information in the dips of a fluctuating masker, because the auditory system uses TFS information to determine if the target signal is present in the dips . Bernstein and Brungart (2011) , however, argue that the lack of masking release in SNHL in these studies may be attributed to experimental protocol rather than to effects of hearing loss. For example, to control for individual differences in audibility, hearing impaired individuals are typically tested at higher SNRs than those used for normal hearing individuals, and masking release decreases with higher SNRs (Bernstein and Grant, 2009) . Therefore, the reduced masking release found in the hearing impaired may be attributed to the higher SNRs rather than to a deficit in TFS representation.
As mentioned previously, age may have been a confound in some reports of decreased encoding of TFS in individuals with SNHL , but recent work has demonstrated reduced TFS encoding in hearing impaired young adult listeners compared to an age-matched group of normal hearing listeners (Ardoint et al., 2010) . Nevertheless, when investigating the encoding of TFS or envelope, it is important to consider the age group being studied. Ruggles et al. (2012) found that middle-aged adults rely on TFS cues to selectively attend to a target stream from competing masker streams, whereas young adults rely on envelope cues for this same task. Therefore, group differences in levels of envelope versus TFS may change depending on the age group being studied. Here, these results show that the relative encoding of TFS is reduced in older adults (ages 60-71) with hearing loss compared to age-matched older adults with normal hearing. Future work will directly explore the role of relative envelope-TFS representation for speech perception in noise.
C. Clinical implications
These results have ramifications for the management of individuals with hearing loss, both for the development of hearing aid and CI processing algorithms and for the creation of auditory training programs. A hearing aid algorithm that provides audibility and enhanced envelope encoding at the expense of TFS will result in improved hearing in quiet situations; however, in noise the speech understanding provided by amplification may be no better or even worse than no amplification because of an alteration in the balance between envelope and TFS coding. Bilateral hearing aid users themselves attest to this; in the first author's clinical experience, they often remove one hearing aid in noise to reduce overall loudness and to "hear better," even when their hearing aids provide advanced multidirectional processing to enhance the signal-to-noise ratio. The demonstration of envelope and TFS differences in the FFR of the brainstem suggests a critical role for electrophysiology in the assessment of hearing aid algorithms in both research and clinical settings. For example, brainstem responses can be used to objectively compare envelope and TFS representation under multiple amplification procedures.
D. Conclusions
These results demonstrate that older adults with hearing loss have a relative deficit of TFS encoding in the FFR, as demonstrated by greater encoding of the envelope without a similar enhancement of TFS. These results are similar to those of Kale and Heinz (2010) , who demonstrated this deficit in the auditory nerves of chinchillas with induced SNHL. The presumed result of this misbalance is that the envelope cues overpower, or "swamp out," the response, such that the details are not discernible (because the TFS cues become less salient). This effect is exacerbated in noise-the very environment in which TFS cues are critical for accurate speech perception. Because the current study's methodology employs far-field recordings to evaluate neural responses in humans as opposed to the direct recordings of neural firing or cellular function performed in animals, it is not possible to directly test mechanisms responsible for this deficit, such as changes in the levels of neurotransmitters. Future work should consider interactions of peripheral and central input. For example, an input-output function model might determine whether or not this deficit reflects a loss of the compression that would normally be provided by functioning outer hair cells.
Management of individuals with hearing loss should include consideration of ways to boost access to TFS cues. There is interest in providing access to TFS cues to CI users, and one CI manufacturer has attempted to deliver TFS cues in the low frequencies up to 1000 Hz through changes in stimulation rate (Arnoldner et al., 2007; Riss et al., 2009; Galindo et al., 2012) . In addition, there is evidence in CI users of benefits for both long-term (Gfeller et al., 2000) and short-term (Galvin et al., 2009 ) musical training on tasks that require perception of TFS, such as melodic contour perception, demonstrating that plasticity of the auditory system is possible, even in the presence of impoverished auditory cues. Musical training also confers advantages for processing speech in noise in older adults with normal hearing Parbery-Clark et al., 2012) . Short-term computer-based auditory training improves speech understanding in noise and neural timing in older adults with and without hearing loss (Anderson et al., 2013) . Listeners with hearing loss, then, may benefit from auditory training protocols which train them to re-weigh TFS cues relative to the envelope. The FFR may one day provide an index of this re-weighting.
